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Abstract 

A  thermoelectric  cells  test  facility  has  been  designed  and  realized  at  the  laboratory  of  the  Department  of  Industrial  Engineering 
(DIN),  University  of  Bologna.  The  test  facility  has  been  configured  to  reproduce,  in  scale,  the  working  conditions  of  a  typical 
biomass  power  plant.  Commercial  thermoelectric  cells  (also  named  Seebeck  cells)  are  characterized  by  direct  low  efficiency  (up 
to  5%)  conversion  from  thermal  to  electric  energy.  Many  technical  items  have  to  be  analyzed  and  consequent  proper  solutions 
must  be  found  to  reach  the  maximum  power  output.  Thus,  the  test  facility  will  return  a  great  deal  of  information  as  regards  the 
best  integration  between  cells  and  biomass  power  plant.  Furthermore,  due  to  low  cell  efficiency,  the  goal  of  the  integration  is  not 
to  produce  electrical  energy  for  external  power  supply,  but  to  realize  a  stand-alone  biomass  power  plant  wherein  the  electrical 
energy  produced  is  totally  auto -consumed.  The  paper  shows  the  test  facility  and  the  experimental  results  and  introduces  the  new 
test  device  that  has  been  designed  for  industrial  application. 
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1.  Introduction 

Thermoelectric  conversion  is  the  result  of  a  process  by  which  heat  is  converted  directly  into  electricity  (Seebeck 
effect)  and,  besides  occurring  in  simple  thermocouples,  forms  the  basis  of  thermoelectric  generators  (TEGs,  also 
named  Seebeck  cells).  Thermoelectric  power  generation  has  the  advantages  of  being  substantially  maintenance  free, 
silent  in  operation  and  involving  no  moving  or  complex  parts.  The  efficiency  of  conversion  has  not  managed  to 
exceed  5%  for  temperature  ranges  of  practical  interest.  Thus,  power  generation  applications  have  in  the  past  been 
limited  to  special  applications,  like  deep  space  probes,  remote  power  for  Polar  Regions  or  petroleum  platforms. 
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Currently,  fossil  fuels  such  as  oil,  coal  and  natural  gas  represent  the  prime  energy  sources  in  the  world.  However, 
a  shift  towards  utilizing  a  variety  of  renewable  energy  resources  (RES),  which  are  less  environmentally  harmful  such 
as  solar,  wind  or  biomass  in  a  sustainable  way,  has  taken  place  in  the  last  few  years.  Biomass  is  one  of  the  earliest 
sources  of  energy,  especially  in  rural  areas  where  it  is  often  the  only  accessible  and  convenient  source  of  energy. 
Compared  to  other  renewable  technologies  such  as  solar  or  wind  energy,  biomass  has  few  problems  with  energy 
storage  because,  in  a  sense,  biomass  is  stored  energy.  Furthermore,  biomass  is  a  versatile  fuel  that  can  be  used  as 
biogas,  liquid  fuel  or  solid  fuel.  However,  in  order  to  further  increase  the  share  of  energy  produced  from  biomass 
plants,  it  is  necessary  to  improve  critical  issues  that  limit  their  spread  and  efficiency.  In  particular,  the  limits  that  are 
identified  as  the  most  determining,  especially  for  plant  size  under  350  kWth  (i.e.  residential  or  domestic),  are 
difficulties  and/or  high  costs  of  connection  to  the  grid  in  the  case  of  isolated  installations  (a  solution  which  is  indeed 
quite  frequent  in  the  case  of  biomass  boilers)  and  security  system  reliability  in  the  event  of  power  failure  or  sudden 
stop  [1].  Integration  of  TEGs  with  a  biomass  boiler  makes  it  possible  to  increase  efficiency  (the  biomass  boiler 
becomes  a  cogeneration  plant)  and  produce  electricity.  Thus,  by  appropriate  dimensioning  it  is  possible  to  produce 
the  electrical  energy  required  for  boiler  auto-consumption,  so  making  it  unnecessary  to  connect  it  to  the  grid  and 
ensuring  greater  reliability  of  the  system  even  in  the  case  of  black-out. 


Nomenclature 

A 

Cross  area  of  the  thermoelement  [m2] 

Thf 

Hot  fluid  average  temperature  [K] 

DIN 

Department  of  Industrial  Engineering 

Th 

TEG  hot  temperature  [K] 

L 

Length  (also  called  height)  of  thermoelement  [m] 

Thc 

Computed  TEG  hot  temperature  [K] 

Lc 

Thickness  of  solder/contact  in  the  module  [m] 

Th’ 

Measured  hot  temperature  [K] 

m 

Electrical  load  ratio 

TEG 

Thermoelectric  Generator 

n 

Resistivity  contact  parameter 

Voc 

TEG  open  circuit  voltage  [V] 

N 

Number  of  thermoelements  per  module 

P 

Power  [W] 

a 

TEG  Seebeck  coefficient  [V/K] 

r 

Conductivity  contact  parameter 

AT 

Hot-cold  TEG  temperature  difference  [K] 

R 

Electrical  resistance  of  thermoelectric  generator  [Q] 

e*. 

Conductivity  factor 

Rl 

Load  electrical  resistance  [Q] 

£s 

Surface  heat  uniformity  factor 

RES 

Renewable  Energy  Resources 

P 

TEG  electric  resistivity  [dm] 

Tcf 

Cold  fluid  average  temperature  [K] 

Pc 

Contact  electric  resistivity  [Qm] 

Tc 

TEG  cold  temperature  [K] 

A 

TEG  thermal  conductivity  [W/mK] 

Tcc 

Computed  TEG  cold  temperature  [K] 

Contact  thermal  conductivity  [W/mK] 

Tc’ 

Measured  cold  temperature  [K] 

h 

TEG  conversion  efficiency 

The  paper  shows  the  test  facility  realized  at  the  laboratory  of  the  Department  of  Industrial  Engineering, 
University  of  Bologna,  to  study  TEG  performance,  the  experimental  results  and  the  new  test  device  that  has  been 
designed  for  industrial  application. 


2.  Thermoelectric  power  generation  from  biomass 

2.1.  Thermoelectric  background 

The  thermoelectric  effect  was  discovered  by  Seebeck  in  1822:  he  observed  an  electric  flow  when  one  junction  of 
two  dissimilar  metals,  joined  at  two  places,  was  heated  while  the  other  junction  was  kept  at  lower  temperature.  The 
electrical  output  produced  was  initially  of  small  magnitude.  After  the  discovery  of  semiconductors,  it  was  found  that 
the  output  could  be  significantly  increased  and  thus  interest  in  the  Seebeck  effect  was  revived  around  the  middle  of 
the  20th  century. 
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A  Typical  TEG  (see  Figure  1)  is  composed  of  a  set  of  semiconductor  components  formed  from  two  different 
materials  that  are  connected  thermally  in  parallel  and  electrically  in  series.  Moreover,  two  ceramic  plates  are 
attached  on  each  side  for  electrical  insulation.  When  heat  flows  through  the  cell,  the  N-type  components  are  loaded 
negatively  (excess  of  electrons)  and  P-type  components  are  loaded  positively  (default  electron),  resulting  in  the 
formation  of  an  electric  flow.  The  parameter  giving  the  output  voltage  for  a  given  p-n  junction  and  for  a  certain 
temperature  difference  between  hot  and  cold  side  is  the  “Seebeck  coefficient”  a.  Seebeck  coefficients  of  metals  are 
in  the  range  0-50  pV/K,  while  for  semiconductors  they  can  be  over  300  pV/K  [2]. 


Fig.  1.  (a)  Thermoelectric  generator;  (b)  Thermoelectric  generator  cross  section. 


When  the  effects  of  thermal  and  electrical  contact  resistances  are  taken  into  consideration  [2],  the  power  output  P 
of  the  TEG  is  given  by  Equation  1 ,  where  m,  n  and  r  are,  respectively,  the  ratio  between  load  electric  resistance  and 
thermoelectric  module  electric  resistance  (m=RL/R),  the  ratio  between  contact  resistivity  and  thermoelectric  module 
resistivity  (n=pc/p)  and  the  ratio  between  contact  conductivity  and  thermoelectric  module  conductivity  (r=Ac/A). 

p  2m  a2  NAT^-Tcf 
(1  +  mf  P  (L  +  «)(1  +  2rLc  /  L) 

So,  power  output  depends  upon  electric  load  (m),  temperature  difference  applied  (TH-TC),  thermocouple  materials 
(a  and  p),  module  geometry  (A,  N  ,  L  and  Lc,  defined  in  nomenclature)  and  module  fabrication  process  (n  and  r). 
Equation  1  clearly  shows  that,  regardless  of  other  factors,  optimization  occurs  when  m=l  (matched  load).  In  this 
work,  the  open-circuit  voltage  is  also  assessed;  this  is  easily  given  from  the  definition  of  Seebeck  effect  by  Equation 
2. 


Voc=2aN(TH-Tc)  (2) 

Measurements  of  the  TEG  conversion  efficiency  q  (i.e.  the  ratio  between  electrical  power  output  and  heat  input) 
presents  difficulties  because  it  requires  an  accurate  determination  of  the  heat  input  absorbed  at  its  hot  side.  However, 
a  realistic  estimation  has  been  proposed  [2],  showing  that  highest  power  would  be  not  at  the  highest  efficiency  [3]. 
Thus,  an  equilibrium  between  maximum  power  and  maximum  efficiency  must  be  found  depending  on  specific 
application. 


2.2.  State  of  the  art  of  thermoelectric  generation  from  biomass  combustion 

Since  heat  sources  for  thermoelectric  generation  feeding  are  expensive  (i.e.  fossil  fuel),  improvements  are  still 
needed  because  only  higher  conversion  efficiency  can  improve  the  economic  viability  of  the  thermoelectric  module. 
Instead,  when  heat  recovery  is  essentially  free  (waste  heat),  a  significant  improvement  can  be  obtained  by  both 
power  per  unit  area  increase  and  reduction  in  fabrication  cost,  ignoring  TEG  low  conversion  efficiency.  Thus,  the 
application  of  TEG  as  both  generator  and  heat  exchanger  seems  to  be  the  best  solution  [4].  In  fact,  in  this  case  when 
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heat  flows  through  TEG,  part  of  the  heat  absorbed  is  converted  into  electricity,  while  the  rest,  instead  of  being 
discharged  into  the  environment,  is  collected  and  used  in  a  heat  exchange  system.  If  biomass  boiler  integration  with 
TEGs  is  considered,  other  relevant  advantages  occur.  First  of  all,  connection  to  the  electrical  grid  in  the  case  of 
isolated  installations,  that  is  quite  frequent  in  the  case  of  biomass  residential  or  domestic  plants,  can  be  a  major 
economical  obstacle  to  the  biomass  plant  realization.  Moreover,  integration  between  TEGs  and  a  biomass  boiler 
increases  system  safety,  because  auxiliary  systems  that  require  electrical  power  can  be  supplied  even  in  the  absence 
of  electrical  energy  by  the  grid. 

The  first  stove  biomass  generator  was  developed  in  Sweden  in  1996  [5]  to  provide  small  amounts  of  power  to 
homes  in  the  remote  northern  areas  of  the  country  which  were  beyond  the  electric  grid.  Mean  working  condition 
were  stove  surface  temperature  of  about  200°C  and  heat  sink  temperature  of  about  75 °C:  in  these  conditions,  the  two 
TEGs  connected  in  series  (HZ-20  model)  were  able  to  produce  a  gross  power  of  about  10  W  (5  W  for  each).  Heat 
sink  was  cooled  by  a  2.2  W  fan.  Moreover,  the  Swedish  study  focuses  on  a  DC/DC  converter  that,  at  low  power 
output,  is  indispensable  to  increase  output  voltage,  but  with  consistent  power  loss.  Another  important  experiment 
was  carried  out  in  Lebanon  [6],  where  three  TEGs  connected  in  series  (HZ-20  model)  were  integrated  in  a  wood 
domestic  stove  and  tested:  the  final  results  (comparable  with  [5])  are  a  maximum  power  output  of  4.2  W  for  each 
TEG  at  a  condition  of  stove  surface  temperature  of  275°C  and  heat  sink  temperature  of  123°.  In  this  case,  the  TEG 
was  naturally  cooled.  Furthermore,  the  study  demonstrates  how  for  a  given  heat  sink  and  heat  source,  increasing  the 
number  of  TEGs  can  decrease  power  output  although  higher  voltages  can  be  realized.  Finally,  a  different  cooling 
system  was  tested  [7]:  a  heat  sink  composed  of  thermo syphonic  heat  pipe  was  tested  on  a  HZ-20  TEG,  producing 
about  3  W  of  power  with  a  temperature  of  102°C  on  heat  sink  and  a  temperature  of  212°C  on  hot  surface,  that  was 
heated  by  a  gas  burner.  Similar  experiments  were  carried  out  in  Thailand  [8]  and  France  [9,10]  with  the  use  of 
different  commercially  available  TEGs  but  comparable  in  terms  of  electrical  power  output  and  working  conditions. 

A  test  facility  has  been  set  up  in  the  DIN  Laboratory  in  order  to  carry  out  in-depth  studies  on  the  functioning  of 
TEGs  and  verify  performance  changes  under  certain  design  parameters. 


3.  Test  facility  set-up 

The  first  design  decision  involved  the  identification  of  a  commercial  TEG  to  be  tested.  The  choice  fell  on  the  HZ- 
20  module,  both  because  it  has  interesting  technical  features  (power  output  and  conversion  efficiency)  compared  to 
other  commercial  modules,  and  because  data  are  present  in  the  literature  [3, 5, 6, 7]  on  the  productive  capacity  of  this 
module,  thus  allowing  a  comparison  with  the  present  study.  Table  1  gives  a  listing  of  the  major  features  of  the  HZ- 
20  module  [7]:  the  module,  under  design  temperatures  (TH=230°C,  Tc=30°C)  and  matched  load,  provides  a 
minimum  of  19  W. 


Table  1.  Specifications  and  properties  of  the  HZ -20  module. 


Thermoelectrical  material 

Bismuth  Telluride  (n/p) 

Weight  (g) 

115 

Module  dimensions  (mm) 

75x75x5.08 

Number  of  couples  N 

71 

Maximum  hot  operating  temperature  TH  (°C) 

250 

Thermal  conductivity  A  (W/mK) 

2.4 

Internal  electric  resistance  R  (Q) 

0.3 

As  shown  by  Equation  1,  once  a  TEG  is  chosen,  the  only  parameters  that  can  affect  power  output  are  electrical 
load  ratio  and  temperature  difference  between  hot  and  cold  junctions.  Under  matched  load  conditions,  the  HZ-20 
module  power  output  follows  the  ratio  of  Figure  2  [7],  where  P=5.0xl0‘4xAT2.  HZ-20  module  open  circuit  voltage 
V0c  can  be  expressed  as  a  temperature  difference  function  too:  VOc=0-026xAT  [7]. 
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- Power  output  P  [W]  —  —  Open  circuit  voltage  VOC  [V] 


Fig.  2.  HZ-20  module  power  output  P  and  open  circuit  voltage  V0c  as  a  function  of  temperature  difference  AT  under  matched  load  conditions. 


The  test  facility  was  realized  with  the  aim  of  studying  TEGs  performance  under  different  working  conditions 
[1 1].  A  schematic  of  the  heat  transfer  system  is  shown  in  Figure  3.  The  module  is  compressed  between  two  stainless 
steel  plates:  the  clamping  force  is  adjusted  by  means  of  four  bolts.  A  heat  flow  is  supplied  to  the  bottom  plate.  It  is 
obtained  by  one  or  more  industrial  heat  guns  able  to  supply  heat  air  from  90°C  to  630°C  with  flow  rate  from  300 
l/min  to  500  l/min  for  each  gun.  Industrial  heat  guns  simulate  flow  gas  produced  by  biomass  combustion  inside  the 
boiler  combustion  chamber.  The  top  plate  is  cooled  by  water:  water  flow  rate  is  regulated  by  control  manual  valves. 
The  temperatures  are  measured  on  the  top  and  bottom  plates  by  K  type  thermocouples  (one  thermocouple  for  each 
one).  The  whole  system  is  covered  by  a  thermal  insulator  to  limit  heat  dispersions  in  the  environment.  In  order  to 
test  TEG  power  output  P  dependence  on  RL  variation,  an  electrical  circuit  was  realized  as  TEG  load  where 
resistance  can  be  set  at  different  values. 


Different  test  facility  set-ups  were  tested:  first  of  all,  attention  was  focused  on  surface  contact  between  TEG  and 
both  top  and  bottom  plates.  In  particular,  tests  were  carried  on  with  rough  surface  plates  and  then  with  ground 
surface  to  measure  surface  quality  influence  on  TEG  performance.  Secondly,  the  system  was  tested  with  and  without 
ceramic  wafer.  Furthermore,  plates  of  aluminum  and  thermal  grease  were  added  between  the  TEG  and  both  top  and 
bottom  ceramic  wafers:  their  influence  on  TEG  performance  was  investigated.  Moreover,  tests  were  conducted  with 
different  degrees  of  bolt  fastening  (regulated  by  a  torque  wrench)  to  evaluate  TEG  compression  influence.  Finally, 
Rl  was  also  changed.  Table  2  summarizes  the  set-up  characteristics.  Data  were  collected  in  different  steady-state 
conditions  thanks  to  the  opportunity  of  regulating  flue  gas  temperature  and  flow  and  water  flow.  So,  power  output  P 
and  open  circuit  voltage  V0c  were  measured  as  a  function  of  temperature  variation  on  test  facility  top  and  bottom 
plates. 
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Table  2.  Test  facility  set-up  characterization. 


Test  facility 

Plate  surface 

Ceramic 

Aluminum  plate  and 

TEG  compression 

Rl 

set-up 

quality 

wafer 

thermal  grease 

(bar) 

(H) 

01 

Rough 

No 

No 

27.6 

0.25 

02 

Ground 

No 

No 

27.6 

0.25 

03 

Ground 

Yes 

No 

13.8 

0.25 

04 

Ground 

Yes 

No 

13.8 

0.30 

05 

Ground 

Yes 

No 

13.8 

0.36 

06 

Ground 

Yes 

No 

13.8 

0.43 

07 

Ground 

Yes 

No 

27.6 

0.36 

08 

Ground 

Yes 

Yes 

13.8 

0.40 

09 

Ground 

Yes 

Yes 

20.7 

0.40 

10 

Ground 

Yes 

Yes 

27.6 

0.40 

It  should  be  noted  that  the  measured  temperatures  TH’  and  Tc’  does  not  correspond  to  the  TEG  temperature  TH 
and  Tc.  In  fact,  due  to  the  thermal  conductivity  of  stainless  steel  plates  and  of  ceramic  wafers,  aluminium  plates  and 
thermal  grease  (see  Table  3),  if  present,  TH  and  Tc  are  respectively  lower  and  higher  than  the  measured  values,  TH’ 
and  Tc\  For  example,  Figure  4  shows  how  hot  and  cold  temperature  on  the  TEG  sides  can  be  predicted  for  a  system 
with  ceramic  wafers  and  measured  hot  temperature  of  210°C  and  cold  temperature  of  30°C:  in  this  case,  the 
computed  temperature  THc  on  the  hot  side  of  the  TEG  is  about  195°C,  while  on  the  cold  side  the  computed 
temperature  TCc  is  about  45°C.  So,  measured  temperatures  TH’  and  Tc’  can  be  converted  to  computed  values  of  hot 
and  cold  temperature  on  the  module  side  THc  and  TCc  by  a  conductivity  factor  that  depends  on  thickness  and 
thermal  conductivity  of  the  heat  exchange  structure.  The  conductivity  factor  is  defined  by  Equation  3. 

Computed  TEG  temperature  difference  is  then  matched  with  real  TEG  temperature  difference,  that  is  measured 
on  the  basis  of  Voc?  the  relationship  between  V0c  and  AT  being  known  (see  Equation  2):  in  this  case,  TEG  works  as 
a  AT  meter.  Finally,  surface  heat  uniformity  factor  ss  is  defined  (see  Equation  4)  as  the  ratio  between  computed 
temperatures  difference  (THc-Tcc)  and  real  temperatures  difference  (TH-TE)  between  TEG’s  hot  and  cold  sides. 


sx  ~ 


(3) 


£s  ~ 


Th-Tc 
Thc  ~  Tec 


(4) 


Table  3.  TEG,  stainless  steel  plates,  ceramic  wafer,  thermal  grease  and  aluminum  plate  characteristics. 


Element 

Thickness  (mm) 

Thermal  conductivity  (W/mK) 

TEG 

5.08 

2.4 

Stainless  steel  plates 

5.00 

70 

Ceramic  wafer  (96%  A1203) 

1.50 

15 

Aluminum  plate 

3.00 

204 

Thermal  grease  (estimated) 

0.30 

0.77 
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Fig.  4.  Difference  between  computed  THc  and  TCc  and  measured  TH  and  Tc  temperatures  due  to  material  thermal  conductivity  in  the  case  of 
tests  with  ceramic  wafers  (no  aluminum  plate  and  thermal  grease). 


4.  Test  facility  results  and  discussion 

Set-up  n.  02  differs  from  n.  01  only  for  stainless  steel  plate  surface  higher  quality.  In  set-up  n.  02  plate  surface 
was  ground  (average  roughness  Ra  of  about  0.2-0. 1  pm),  while  in  set-up  n.01  it  was  rough  (Ra  of  about  3. 2- 1.6  pm). 
From  Figure  5,  that  shows  TEG  power  output  P  as  a  function  of  computed  temperature  difference  (THc-TCc)?  it  is 
clear  that  the  better  contact  between  the  surfaces  of  the  TEG  and  heating  and  cooling  structures  that  is  guaranteed  by 
higher  surface  quality  allows  TEG  to  work  in  better  conditions.  This  fact  results  in  a  lower  ss  for  set-up  n.  01  with 
respect  to  n.  02  (see  Table  4).  It  is  also  possible  to  define  a  relationship  (linear  in  the  first  approximation)  between 
plate  surface  average  roughness  Ra  and  TEG  power  production  as  a  function  of  computed  temperature  difference. 


Fig.  5.  TEG  power  output  P  as  a  function  of  computed  temperature  difference  (THc-TCc)  for  set-up  n.  01  and  set-up  n.  02:  comparison 
between  different  surface  quality. 


The  reason  for  such  a  result  lies  in  the  contact  resistance  to  heat  flux  from  the  hot  to  cold  sides  of  the  TEG.  As 
long  as  consistency  of  contact  is  guaranteed,  contact  resistances  are  constant  along  the  heat  transfer  surfaces.  This 
fact  produces  a  homogeneous  heat  flow  along  the  surface  of  the  TEG  module,  that  is  a  homogeneous  temperature 
distribution.  However,  when  the  contact  resistances  vary  in  a  consistent  manner,  the  heat  flow  will  vary  locally,  with 
negative  repercussions  on  the  temperature  distribution  along  the  TEG  module.  Another  parameter  that  influences 
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contact  resistance  is  the  TEG  module  compression  rate.  Figure  6  shows  TEG  power  output  P  as  a  function  of 
computed  temperature  difference  (THc-TCc)  for  test  facility  set-up  from  n.  08  to  set-up  n.  10.  In  these  set-ups  the 
only  parameter  that  has  been  changed  is  module  compression.  As  expected,  the  higher  the  compression  rate,  the 
higher  the  power  output  P  and  surface  heat  uniformity  ss  (see  Table  4).  So,  compression  must  be  kept  as  high  as 
possible,  compatibly  with  the  compressive  strength  of  the  TEG,  to  better  level  contact  resistance  on  the  TEG 
surfaces. 


Fig.  6.  TEG  power  output  P  as  a  function  of  computed  temperature  difference  (THc-TCc)  from  set-up  n.  08  to  set-up  n.  10:  comparison  among 
different  compression  rate. 


Ceramic  wafers,  aluminum  plates  and  thermal  grease  were  added  to  set-up  in  order  to  test  their  effect  on  surface 
heat  uniformity  ss.  Naturally,  the  presence  of  these  elements  decreases  conductivity  factor  s^.  An  equilibrium  must 
be  found  in  order  to  optimize  heat  flux  optimization  through  the  TEG  module  without  decreasing  the  TEG  module 
working  temperatures  too  much.  In  fact,  from  Equations  1,  3  and  4  the  relationship  between  power  output  P  and 
measured  temperature  TH’  and  Tc’  can  be  written  as  in  Equation  5. 

P  2m  a2  g  g 

(1  +  m)2  p  (. L  +  n\\  +  2rLc/L )  1  S 

As  shown  in  Table  4,  ceramic  wafer  presence  contributes  to  increase  surface  heat  uniformity  ss:  the  value  passes 
from  81.6%  (set-up  n.  02,  without  ceramic  wafer)  to  86.8%  (set-up  n.  07,  with  ceramic  wafer).  On  the  other  hand, 
the  conductivity  factor  decreases  respectively  from  93.6%  to  85.9%.  So,  if  the  two  set-ups  are  matched  in  the 
same  steady-state  condition,  no  variation  in  power  output  is  achieved  by  ceramic  wafer  addition  to  the  system.  Also 
aluminum  plates  and  thermal  grease  presence  (in  addition  to  the  ceramic  wafer)  has  a  good  influence  on  surface  heat 
uniformity  ss.  The  value  passes  from  86.8%  with  set-up  n.  07  to  91.8%  with  set-up  n.  10.  However,  the  conductivity 
factor  reduction  from  85.9%  to  71.4%  produces  a  power  output  decrease  if  the  two  set-ups  are  matched  in  the 
same  steady-state  conditions.  So,  the  addition  of  aluminum  plates  and  thermal  grease  seems  to  be  a  good  solution 
only  when  the  heat  source  has  a  higher  temperature  than  the  TEG  maximum  working  temperature  and,  thus,  a 
temperature  decrease  on  the  TEG  hot  side  is  needed. 

Figure  7  shows  TEG  power  output  P  as  a  function  of  temperature  difference  AT  on  the  TEG  module  for  test 
facility  set-up  from  n.  03  to  set-up  n.  06.  In  these  tests  the  only  parameter  that  has  been  changed  is  RL.  Power  output 
P  seems  to  increase  with  the  RL  increase,  while  it  could  be  expected  that  power  output  P  is  maximum  at  matched 
load  (m=l),  that  is  set-up  n.  04.  Actually,  the  result  is  in  accordance  with  the  literature:  since  the  Peltier  effect 
reduces  the  temperature  difference  across  the  TEG  thermocouples,  the  effective  inner  resistance  R  at  load  condition 
is  larger  than  the  ohmic  inner  resistance  without  load  [12,13]. 
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Fig.  7.  TEG  power  output  P  as  a  function  of  AT  from  set-up  n.  03  to  set-up  n.  06:  comparison  among  different  load  electrical  resistance. 


Table  4.  Conductivity  factor  and  surface  heat  uniformity  factor  ss  for  different  test  facility  set-ups. 


Test  facility  set-up 

Conductivity  factor 

Surface  heat  uniformity  factor  ss 

£xx£s 

01 

93.6% 

57.1% 

53.4% 

02 

93.6% 

81.6% 

76.4% 

03 

85.9% 

82.8% 

71.1% 

04 

85.9% 

82.0% 

70.4% 

05 

85.9% 

82.3% 

70.0% 

06 

85.9% 

84.6% 

72.7% 

07 

85.9% 

86.8% 

74.6% 

08 

71.4% 

84.4% 

60.3% 

09 

71.4% 

89.8% 

64.1% 

10 

71.4% 

91.8% 

65.5% 

Since  heat  exchange  uniformity  both  on  the  cold  and  hot  sides  of  the  TEG  module  is  a  relevant  parameter  in 
designing  TEG  integration  with  a  biomass  boiler,  the  influence  of  the  type  of  fluids  used  as  heat  carriers  must  be 
studied  in  greater  detail. 

5.  Test  facility  up-grade 

The  theoretical  and  experimental  analysis  described  in  this  paper  highlights  relevant  criteria  for  industrial  plant 
design.  In  particular,  it  was  shown  that  the  search  for  uniformity  of  heat  distribution  on  TEG  surfaces  (expressed  by 
ss)  through  the  inclusion  of  additional  materials  does  not  introduce  real  benefits,  as  it  is  offset  by  the  conductivity 
factor  decrease  (s^).  On  the  other  hand,  when  more  TEGs  are  connected  in  series,  heat  uniformity  across  TEGs 
surfaces  becomes  a  relevant  issue  because  the  difference  in  TEG  voltage  output  needs  to  be  avoided  in  order  to 
guarantee  the  highest  performance.  Therefore,  to  really  obtain  the  benefits  of  the  uniform  heat  distribution  and  its 
steadiness,  without  reducing  TEG  AT,  an  analysis  on  fluid  characteristics  must  be  done.  In  particular,  the  influence 
of  specific  heat  on  heat  exchange  is  going  to  be  investigated  in  depth,  since  at  constant  heat  exchange  and  fluid  flow, 
a  specific  heat  increase  means  a  temperature  difference  decrease,  with  relevant  advantages  in  terms  of  heat  flux 
homogeneity  across  TEG  surfaces. 
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An  innovative  test  facility  for  industrial  application  will  be  designed.  Nine  thermoelectric  cells  (HZ-20  module) 
will  be  connected  in  series  in  a  single  row  and  in  parallel  connection  among  three  rows  in  order  to  provide  an 
estimated  total  electric  power  of  about  180  W  (at  7.5  V  and  24.5  A).  The  application  to  a  biomass  boiler  will  involve 
the  use  of  a  higher  number  of  these  modules  in  order  to  provide  enough  energy  to  the  boiler  auxiliary  plant.  So,  an 
optimization  process  will  also  involve  a  biomass  boiler:  electric  power  consumption  should  be  minimized  through  a 
dedicated  design  activity.  For  example,  ventilation  power  consumption  can  be  reduced  by  natural  chimney  draft,  or 
water  pumping  consumption  can  be  limited  or  eliminated  thanks  to  a  natural  circulation  system  or  by  using  an 
integrated  steam  pump. 

6.  Conclusion 

This  paper  describes  the  experimental  test  results  on  a  thermoelectric  module  (HZ-20  model)  applied  on  a  test 
facility,  that  simulates  industrial  boiler  condition.  In  particular,  TEG  performance  was  analyzed  as  function  of 
different  parameters  that  affect  electric  power  production,  since  energy  conversion  efficiency  has  a  secondary  role, 
because  thermal  power  can  be  completely  recovered  on  the  sink  side.  Two  different  factors,  one  involving  heat 
conductivity  through  the  entire  heating-cooling  TEG  system  (conductivity  factor  and  the  other  involving  heat 
flow  homogeneity  through  the  TEG  (surface  heat  uniformity  factor  ss),  are  defined  in  the  paper  and  then  analyzed. 
This  experimental  and  theoretical  analysis  make  it  possible  to  realize  a  preliminary  design  of  an  innovative  test 
facility  that  will  study  the  opportunity  to  exploit  the  thermodynamic  characteristics  of  different  fluids  in  terms  of 
exchange  coefficient  and  temperature  steadiness,  to  optimize  both  conductivity  and  surface  heat  uniformity  factors. 
The  test  facility  will  be  realized  and  then  tested  on  an  industrial  biomass  boiler  of  about  300  kWth* 
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